Abstract. Studies suggest that breast cancer is initiated by the induction of somatic mutations from errors in the base excision repair (BER) of endogenous estrogen-induced abasic sites. If so, the inheritance of certain polymorphic mutations in BER genes involved in the incorporation and management of such errors should increase the risk of breast cancer. To test this hypothesis, we examined breast tissues from 48 women (controls, histopathologically normal tissue from reduction mammoplasty) and 40 women with breast cancer (breast tumor-adjacent, histopathologically normal tissues) for the presence of reported polymorphic mutations in four BER genes. The breast tissues were obtained from the Cooperative Human Tissue Network-western division and from the University of Nebraska Medical Center. Using PCR-RFLP procedures, the XRCC1 gene was examined for Arg194Trp and Arg399Gln, APE1 for Asp148Glu, LIG3α for Arg780His and PARP1 for Pro377Ser mutations. The women in this study carried only the XRCC1 Arg399Gln polymorphism. This result was surprising because APE1 148Glu was reported to be frequently inherited (allele frequency, 0.47-0.495) by USA and European women. Thus, the USA women in our study are genetically different from those in the previous studies. Among the control women, 21 (43.75%) were Arg/ Arg wild-types, 20 (41.67%) were Arg/Gln heterozygotes and 7 (14.6%) were Gln/Gln homozygotes. Among the breast cancer cases, 11 (27.5%) were Arg/Arg wild-types, 16 (40%) were Arg/Gln heterozygotes and 13 (32.5%) were Gln/Gln homozygotes. Thus, the Gln allele was significantly more frequent in breast cancer cases (allele frequency, 0.52) than in controls (allele frequency, 0.35), suggesting that XRCC1 399Gln may enhance the risk of breast cancer.
Introduction
Base excision repair (BER) has long been thought of as the guardian of the genome, responsible only for minimizing somatic mutations by correctly repairing endogenous base loss in DNA (1) . Carcinogens that form abasic sites have been shown to induce errors in BER, forming mutations that lead to cancer (2) (3) (4) (5) .
In breast cancer, the mutations can be induced by errors in the repair of the abasic sites generated by natural estrogens (4) (5) (6) . In this mechanism, estrogen metabolism in the breast is altered, leading to an abnormal increase in the levels of catechol quinones, especially the estrogen-3,4-quinones, which react with DNA and almost exclusively form depurinating adducts (7) (8) (9) . These adducts spontaneously dissociate from DNA to form abasic sites and generate mutations by BER errors (4, 5) .
If erroneous BER is a mechanism of breast cancer, the polymorphic mutations in BER genes that increase mutagenesis would be expected to modify breast cancer risk. There is a limited amount of information about BER gene polymorphisms in breast cancer (10, 11) . Briefly, OGG1 Ser326Cys, APE1 Asp148Glu, PARP1 Val276Trp and LIG3α Arg780His did not show any significant association with breast cancer (12) (13) (14) . On the other hand, in some studies, polymorphisms in the XRCC1 gene (Arg194Trp, Arg280His and Arg399Gln) showed a positive association with breast cancer. For example, the XRCC1 Arg399Gln mutation was thought to increase breast cancer risk in African-American (15) , Indian (16) , Korean (17) and Turkish women (18) . Other studies did not find a similar risk. For example, XRCC1 399Gln was not associated with breast cancer in Chinese (19) and USA women (North Carolina) (20, 21) , but a protective effect was suggested for Portuguese women with no family history of breast cancer (22) . Even though the epidemiological results are not uniform, mechanistic studies indicate that XRCC1 399Gln is detrimental to the cell. It affects BER activity (23) and increases mutagenesis in smokers (24, 25) . On the other hand, it is inherited more frequently (up to 37%) than the incidence rate (~13%) of breast cancer (21, (26) (27) (28) (29) (30) . Therefore, XRCC1 399Gln may be a low-penetrance variant that requires additional factors to exert its deleterious effects.
XRCC1 itself does not have a catalytic activity in BER. Nevertheless, it is critical for efficient BER as it recruits (16, 20, 32) . Therefore, it is unclear whether the proposed carcinogenic effect of XRCC1 399Gln could be mediated by its interaction with wild-type BER proteins, or whether it must interact with other polymorphic BER proteins. In addition to showing increased mutagenesis (24, 25) , smokers who carry XRCC1 399Gln also show increased breast cancer risk (33, 34) . These effects of smoking suggest a gene-environment interaction, which may be explained by our discovery that some smoke carcinogens produce abundant amounts of depurinating adducts that form the abasic sites (35) , which induce carcinogenic mutations by erroneous BER (2, 3) . Since estrogens induce depurinating adducts (7) and mutations by erroneous BER (4, 5) , they may also contribute to the proposed carcinogenic activity of XRCC1 399Gln. In this study, we have examined the prevalence of BER gene polymorphisms in breast tissues in the control (reduction mammoplasty) and cancer (tumor-adjacent normal tissue) patients.
Materials and methods
Study population. Breast tissues were obtained from the University of Nebraska Medical Center (UNMC), Department of Surgery, as previously described (8) , or, from the Cooperative Human Tissue Network (CHTN)-western division under a protocol approved by the UNMC Institutional Review Board. Breast tissues from women who have undergone a reduction mammoplasty were used as controls. For some, race information was not available (the unknowns). The breasts of these women were histopathologically cancer-free and their reports did not indicate previous cancer in other organs. The cases were breast tumor-adjacent, and histopathologically normal tissues from women with diagnosed primary breast cancer. Their pathology reports did not indicate additional cancers. Tissue samples were grouped as controls and cases and assigned independent serial numbers for blind analysis.
An analysis of polymorphic mutations in BER genes.
Mammary tissues were ground in liquid N 2 using pre-chilled mortar-and-pestles inside a biological safety hood. The ground tissues were stored frozen at -80˚C until use. For the analysis of the mutations, chromosomal DNA was extracted from these samples using the DNeasy tissue kit (Qiagen, Valencia, CA). Briefly, ~25 mg of the ground tissue was digested with proteinase K in the supplied ATL buffer (200 μl) at 50˚C until the suspension was not gelatinous (~3 h). The digestion was stopped by adding the supplied AL buffer (200 μl) and incubating for 10 min at 70˚C. Ethanol (200 μl) was then added to the mixture, which was vortexed and the DNA purified using DNeasy mini columns with the supplied AE buffer (100 μl). This procedure yielded 15-20 μg DNA.
PCR-RFLP analysis of polymorphic mutations. To increase PCR efficiency, chromosomal DNAs were fragmented with
BamHI or EcoRI (avoiding cleavage within the amplicons) and RNaseA, incubated with proteinase K (Invitrogen, Carlsbad, CA) and extracted with phenol/chloroform, followed by ethanol precipitation. The resulting DNAs were dissolved in nuclease-free water (pH 7.0, Ambion, Austin, TX) and the PCR was amplified using gene-specific primers (Table I) . The amplifications were conducted as 20 μl reactions in 1X Tth buffer (Roche, Indianapolis, IN), 2.5 mM dNTPs, 10 pmol primers, 1 x MasterAmp PCR enhancer (Epicentre Biotechnologies, Madison, WI), Tth DNA polymerase (1 U, Roche), Vent DNA polymerase (0.02 U, New England Biolabs, Ipswich, MA) and covered with 15 μl mineral oil (ICN Biomedicals, Aurora, OH). The cycling conditions included an initial denaturation at 94˚C for 4 min, 30 cycles of touchdown PCR (36) involving denaturation (1 min at 94˚C), annealing (30 sec at 65-50˚C, 0.5˚C/cycle decrements, extension (30 sec at 75˚C), followed by 20 cycles of amplification involving denaturation (30 sec at 94˚C), annealing (30 sec at 50˚C), extension (30 sec at 75˚C) and a final extension (7 min at 75˚C). The PCR products were separated by 1% agarose gel electrophoresis, the bands excised and DNA was recovered by using the QIAquick PCR purification kit (Qiagen). The resulting DNA samples were digested with restriction enzymes (5 U, New England Biolabs) (Table I) for 3 h according to vendor and examined by 3% agarose gel electrophoresis.
The primers and the restriction fragments are shown in Table I . XRCC1 codon 194 (Arg) lies within exon 6 and its mutation to Trp (CGG to TGG) forms a new PvuII site (37) . XRCC1 codon 399 (Arg) is located in exon 10 and its mutation to Gln (CGG to CAG) eliminates its NciI site (38) . The APE1 codon 148 (Asp) lies within exon 5 and its mutation to Glu (GAC to GAG) forms a new BfaI site (39) . LIG3α codon 780 (Arg) is in exon 18 and its mutation to His (CGC to CAC) results in the loss of the AciI site. PARP1 codon 377 (Pro) lies in exon 8 and its mutation to Ser (CCT to TCT) eliminates a NlaIV site. Of the breast cancer-adjacent normal tissues, there were samples from two regions in five patients. These duplicate samples were also tested by PCR-RFLP to authenticate the techniques for all polymorphisms (data not shown). For further authentication, PCR products from three XRCC1 exon 6, seven XRCC1 exon 10, eight APE1 exon 5 and eight LIG3α exon 18 samples were sequenced (data not shown). The results were expressed by allele frequency (e.g., variant allele frequency = frequency of VV + frequency of WV, where V, variant and W, wild-type).
Statistical analysis. The distribution of allele frequencies was compared between the cases and controls using Pearson's Chi-square test.
Results

BER gene polymorphisms in breast cancer: XRCC1 399Gln.
Previous studies indicated that the XRCC1 399Gln allele is a BER gene polymorphism frequently inherited by American white women (allele frequency, 0.34-0.37) (14, 15, 20, 21, (26) (27) (28) (29) 40) . Other ethnic groups have not been as well-studied. However, fewer American black women have been reported to carry this variant allele (frequency, 0.14-0.17) (15,21,27,29) . We examined the XRCC1 399Gln allele in the breast tissues of USA women from 48 control (13 whites, 8 blacks, 1 Hispanic and 26 unknown) and 40 breast cancer patients (21 whites, 1 black, 1 Asian/Pacific islander and 17 unknown). Fig. 1 shows the results of a typical RFLP analysis.
In the control population, the 399Gln allele frequency was 0.42 among the whites (four Gln/Gln and three Arg/Gln genotypes in 13 women), 0.125 among blacks (two Arg/Gln genotypes in 8 women) and 0.40 among the unknowns (three Gln/Gln and 15 Arg/Gln genotypes in 26 women). One control woman in the unknown group had a strong family history of breast cancer associated with a BRCA1 mutation (she was also XRCC1 399Arg/Gln). The other control women did not have a family history of breast cancer. Thus, the 399Gln allele was more frequent in our control population than previously reported (0.34-0.37).
None of the women in this study had a family history of breast cancer. Therefore, they had sporadic breast cancer. Among them, the 399Gln allele frequency was 0.55 for American whites (eight Gln/Gln and seven Arg/Gln among 21 patients) and 0.56 for the unknowns (five Gln/Gln and nine Arg/Gln among 17 patients). As in the controls, these values are higher than previously reported for USA populations (0.35-0.36). The American whites and unknown group showed Table I . PCR-RFLP analysis.
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a higher inheritance of the 399Gln allele than did the controls (0.55 vs. 0.42, p=0.32 and 0.56 vs. 0.40, p=0.16, respectively). These results support the hypothesis that the inheritance of the XRCC1 399Gln allele is a risk factor for breast cancer. Our study did not have sufficient samples to determine whether the inheritance of the Gln/Gln or the Arg/Gln genotype was more closely associated with breast cancer risk. When the races were combined, the Gln/Gln genotype was higher in the cases than in the controls (32.5 vs. 14.6%, p=0.10), whereas the Arg/Gln genotype was similar between the cases and controls (40 vs . 41.7%, p=0.10 ). There were more black women in our controls (n=8) than cases (n=1) but none of them inherited the Gln/Gln genotype. Therefore, we examined whether this apparent relationship between the Gln/Gln genotype and sporadic breast cancer held true when the black women were excluded. The Gln/Gln genotype remained higher in the cases than in the controls (33.3 vs. 17.5%), but the results did not reach statistical significance (p=0.23). This trend was not observed when the analysis was restricted to the white women only (cases 38.1% and controls 30.8%, p=0.57).
Additional BER gene polymorphisms. The APE1 148Glu variant was reported at frequencies between 0.47-0.495 in the control women in Europe and the USA (14, 40, 42, 43) . However, none of the 88 women in our study (48 controls and 40 cases) carried the APE1 148Glu polymorphism (Fig. 1) . The absence of APE1 148Glu and the higher XRCC1 399Gln allele frequency indicated that our study population was genetically different from those reported earlier.
XRCC1 194Trp is inherited at different frequencies in different populations of which fewer American whites and blacks and Europeans were reported to carry this allele (0.04-0.11 among the controls and 0.03-0.08 among cases) than women in India, Korea and Taiwan (0.12-0.34 among the controls and 0.21-0.34 among the cases) (14) (15) (16) (17) (18) 20, 27, 29, 32, (42) (43) (44) . Once more, none of the 88 women in this study carried the XRCC1 Arg194Trp allele (Fig. 1) . These results support the hypothesis that women in our study were genetically different from the populations in previous studies.
We examined the inheritance of LIG3α Arg780His. The 780His allele has been reported to be rare in American white and European women (frequency, 0.001-0.002) (14, 43) . This allele was also absent in the 88 women in our study (Fig. 1) . Therefore, the women in this study appeared to be similar to those in previous studies in their inheritance of this allele.
Finally, we examined the inheritance of PARP1 Pro377Ser. We are unaware of any previous study about its inheritance. However, the NCBI Single Nucleotide Polymorphism database (Reference SNP cluster report No. rs17577109) indicates that it is somewhat rare among controls (allele frequency, 0.014). Again, none of the 88 women in this study carried the PARP1 377Ser allele (Fig. 1) . In summary, our results did not support the hypothesis that the inheritance of APE1 148Glu, XRCC1 194Trp, LIG3α 780His or PARP1 377Ser alleles increases the risk of sporadic breast cancer.
Discussion
Several studies have suggested that the inheritance of the XRCC1 399Gln allele increases the risk of sporadic breast cancer risk (16) (17) (18) 33) . Our results support this conclusion. The 399Gln allele frequency was significantly higher in the breast cancer cases than in the reduction mammoplasty controls, either when the races were combined (0.52 vs. 0.35) or the whites (0.55 vs. 0.42) and the women of unknown races (0.56 vs. 0.40) were considered separately. We did not obtain evidence that other BER polymorphisms (XRCC1 194Trp, APE1 148Glu, LIG3α 780His and PARP1 377Ser) contribute significantly to sporadic breast cancer risk.
The mechanism by which XRCC1 399Gln may contribute to breast cancer is unknown. Since XRCC1 is a recruiting protein for BER, the possibility exists that 399Gln acts by modifying interactions with other BER proteins. In particular, APE1 and PARP1 are candidates, because they interact with XRCC1 through the BRCT1 domain that contains codon 399 (45, 46) . In addition, the possibility exists that a co-inheritance of XRCC1 399Gln with polymorphic variants of APE1 or PARP1 may further modify such interactions. The segment of APE1 needed to interact with the BRCT1 domain of XRCC1 has not been identified. However, one study suggested that APE1 148Glu imparts a similar hypersensitivity to ionizing radiation as does XRCC1 399Gln (39) . PARP1 is known to use its own BRCT domain to bind to the BRCT1 domain of XRCC1 (45) . Codon 377 of PARP1 is just upstream of this BRCT domain. The latter question could be addressed by analyzing the breast cancer risk in women who carry the XRCC1 399Gln allele as well as a PARP1 or APE1 polymorphism. However, this study did not contain a sufficient number of samples to answer this question. We conducted a power analysis to estimate the sample size requirements for detecting the effect of APE1 148Glu co-inheritance among XRCC1 399Gln carriers in causing a further increase in breast cancer risk. If the allele frequencies of XRCC1 399Gln and APE1 148Glu in the controls are 0.35 (our study) and 0.47 (previous reports), respectively, a total of 774 controls and 774 cases would be needed to detect such a gene-gene interaction at 2.00 odds ratio with 80% power at a two-sided level of significance of 0.05.
Compared to previous reports for USA women, XRCC1 399Gln was more frequent but APE1 148Glu was less frequent in our study population. Considering that the USA is a nation of immigrants, these results suggest that further studies of BER polymorphisms would be warranted.
